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t o  be g i v e n  Apr i l  4, 1985, as Facu l ty  Research L e c t u r e  

, c o l l e a g u e s ,  f r i e n d s :  

One t h i n g  I have l e a r n e d  from t h e  e x p e r i e n c e  of p r e p a r i n g  t h i s  

l e c t u r e  is t h e  impact  of a mys t i fy ing  t i t l e .  

We s h a l l  come a l i t t l e  la ter  to  t h e  o r i g i n s  of t h e  first h a l f  of 

the  t i t l e ,  b u t  I want to  speak  i n i t i a l l y  a b o u t  t h e  i d e a  of growing up 

w i t h  and l i v i n g  w i t h i n  a s c h o l a r l y  f i e l d .  One of t h e  n o v e l s  t h a t  

c r o s s e d  my n i g h t s t a n d  i n  t h e  p a s t  year---Disturbances i n  t h e  F i e l d  by 

Lynn Sharon Schwartz---uses its characters t o  a d d r e s s  e x p l i c i t l y  t he  

problems of i n d i v i d u a l  i n i t i a t i v e  and emot iona l  r e s p o n s e  w i t h i n  a 

larger and more powerful  network of social  behav io r .  There  are 

similar t e n s i o n s  i n  o u r  l i v e s  as  s c i e n t i s t s ,  between t h e  f i e l d  Fn 

which we work---a s o c i a l  and i n t e l l e c t u a l  maelstrom w i t h  a l i f e  of i ts  

own---and o u r  i n d i v i d u a l  a s p i r a t i o n s  t o  send  o u t  on o c c a s i o n  some 

p o s i t i v e  s i g n a l .  T h i s  dichotomy w i l l  be a p p a r e n t  i n  my t a l k .  I 

w i l l  a t t e m p t  first to  o u t l i n e  broad c u r r e n t s  i n  t he  s t u d y  of 

r e t r o v i r u s e s  and t h e n  g i v e  you a p a r t i a l  a c c o u n t  of one  r o u t e  I have 

t a k e n  w i t h i n  t h i s  network of people  and ideas. 

D i s t u r b a n c e s  i n  t h e  F i e l d ,  t h e  t i t l e  of  Lynn Schwar t z '  n o v e l ,  could  

have worked q u i t e  n i c e l y  for me. 

A s  you w i l l  see, 

It  w i l l  be h e l p f u l  l a te r  i f  a spend a moment now t o  t e l l  you how 

I got invo lved  i n  t h i s  f i e l d .  Two factors  were d e c i s i v e .  One was 

n i g h t  s c h o o l  a t  t h e  National. I n s t i t u t e s  of Heal th ,  where med lca l ly -  



obstacle t o  t h e  acceptance  o f  t h e  p r o v i r u s  hypo thes i s .  Second, S t e v e  

Mar t in  had isolated a t e m p e r a t u r e - s e n s i t i v e  mutant  of Rous sarcoma 

v i r u s ,  a mutant  t h a t  clearly d i s t i n g u i s h e d  between f u n c t i o n s  r e q u i r e d  

for m u l t i p l i c a t i o n  o f  r e t r o v i r u s e s  and a f u n c t i o n  r e q u i r e d  for jts 

n e o p l a s t i c  effects. It was a p p a r e n t  t o  many t h a t  a g e n e t i c  and 

molecu la r  approach  t o  RNA tumor v i r u s e s  was now p o s s i b l e .  Money 

flowed, and peop le  too .  

( l i g h t s  down, s l i d e  o n )  During t h e  subsequen t  decade and a h a l f ,  

two q u e s t i o n s  have dominated t he  t h o u g h t s  of  most of u s  working w i t h  

r e t r o v i r u s e s :  How do t h e y  reproduce?  and How do t h e y  c a u s e  tumors? 

I hope my n a r r a t i v e  today w i l l  make c lear ,  t he  answers  are 

i n t e r t w i n e d ,  and t h e y  have raised f u r t h e r  q u e s t i o n s  t h a t  were 

i n c o n c e i v a b l e  when we began. 

As 

( n e x t  s l i d e :  exog. re t ros)  Most r e t r o v i r u s e s  are e x t e r n a l  a g e n t s  

t h a t  i n v a d e  an imal  cells. I n  t h i s  s e n s e  they  resemble v i r u s e s  o f  many 

other k i n d s  t h a t  i n f e c t  c e l l s  i n  a l l  known biological kingdoms. 

I n v a s i o n  i s  followed by m u l t i p l i c a t i o n  of t h e  v i r u s ,  b u t  w i t h  

impor t an t  d i f f e r e n c e s  t h a t  d i s t i n g u i s h  r e t r o v i r u s e s  from most other 

v i r u s e s .  R e t r o v i r u s e s  rarely k i l l  t h e i r  h o s t  cells;  i n s t e a d  v i r a l  

genes  (shown i n  red  throughout  most of t h e  s l i des )  are p e r p e t u a t e d  i n  

t h e  i n f e c t e d  cel ls ,  and t h e  cel ls  may a p p e a r  e i ther  unchanged or  g iven  

a growth advan tage  as a r e s u l t  of n e o p l a s t i c  t r a n s f o r m a t i o n ,  which 

a l s o  affects  t h e  appearance  of t h e  cel ls .  

tumor v i r o l o g y  hobbled a l o n g ,  working ma in ly  w i t h  a f e w  exogenous 

r e t r o v i r u s e s  o f  b i r d s  and mice, p r i n c i p a l l y  t h o s e  v i r u s e s  t h a t  w i l l  

r e c u r  f r e q u e n t l y  i n  o u r  d i s c u s s i o n  today:  the  l e u k o s i s  and Rous 

sarcoma v i r u s e s  of ch ickens  and t h e  mammary tumor and leukemia v i r u s e s  

For o v e r  half  a c e n t u r y ,  



of mice. 

n a t u r e  (first co lo red  t ree) ,  found c e r t a i n l y  i n  f i s h  and snakes (and 

perhaps  i n  n o n - v e r t e b r a t e s ) ,  a s  well as  i n  s e v e r a l  b i r d s ,  r o d e n t s ,  

u n g u l a t e s ,  and primates. Among t h e  most r e c e n t  and b e s t  known 

exogenous r e t r o v i r u s e s  are t h e  a p p a r e n t  c a u s a t i v e  a g e n t s  of two human 

diseases, a d u l t  T ce l l  leukemia and AIDS.  

But we now know r e t r o v i r u s e s  t o  be wide ly  d i s p e r s e d  i n  

( n e x t  s l i d e :  i n f o  diagram) The biochemical p r i n c i p l e  t h a t  u n i t e s  

a l l  r e t r o v i r u s e s  was a t  one time c o n s i d e r e d  a n  eccentric v i o l a t i o n  of 

t h e  u s u a l  flow of g e n e t i c  i n fo rma t ion  from DNA t o  RNA t o  p r o t e i n .  

R e t r o v i r u s e s  encode enzymes, among them r e v e r s e  t r a n s c r i p t a s e ,  t h a t  

c o n v e r t  t h e i r  genes ,  carried about  i n  a n  RNA form, t o  a more s table  

DNA form, t h e  p r o v i r u s  ---- a form t h a t  can be used by host  cell  

machinery normal ly  e n t r u s t e d  w i t h  t h e  j o b  of d u p l i c a t i n g  and 

e x p r e s s i n g  t h e  ce l l ' s  own g e n e t i c  l egacy .  I n  t h e  p a s t  few y e a r s ,  

r e t r o v i r u s e s  have come t o  seem much less odd. S e v e r a l  other k i n d s  of 

v i r u s e s  and g e n e t i c  e lements  have been shown o r  s t r o n g l y  s u s p e c t e d  of 

t r a n s f e r r i n g  t h e i r  in fo rma t ion  through a n  RNA form and back t o  DNA, as  

a means of d u p l i c a t i n g  t h e  in fo rma t ion  and moving i t  w i t h i n  or between 

cel ls .  ( n e x t  f r u i t i n g  tree: re t ro  e l e m e n t s )  Among these are v i r u s e s  

t h a t  c a r r y  t h e i r  genes  i n  a DNA form b u t  c o n v e r t  them t r a n s i e n t l y  t o  

RNA d u r i n g  v i r u s  growth: t h e  s e v e r a l  h e p a t i t i s  B v l r u s e s  of b i r d s ,  

r o d e n t s ,  and man and t h e  c a u l i f l o w e r  mosaic  v i r u s .  Other  "retro 

e lements"  are components o f  c e l l  chromosomes t h a t  have been g e n e r a t e d  

by i n t r a c e l l u l a r  e v e n t s  i n v o l v i n g  r e v e r s e  t r a n s c r j p t i o n .  These 

i n c l u d e  a number of mobile g e n e t i c  e l emen t s  of y e a s t ,  flies, and 

v e r t e b r a t e s  t o  which I w i l l  r e t u r n ;  s e v e r a l  k i n d s  of r e p e a t e d  

sequences ;  and a p p a r e n t l y  w o r t h l e s s  copies of genes .  



The connec t ions  t h a t  I w i l l  emphasize today between r e t r o v i r u s e s  

and c e r t a i n  mobile components of chromosomes were presaged  almost 

twenty  y e a r s  ago by ev idence  t h a t  r e t r o v i r a l  genes  could  be 

t r a n s m i t t e d  through t h e  germ l i n e ,  ( n e x t  sl ide:  g e n e t i c  t r a n s m i s s i o n )  

i n  a form w e  now recognize---according t o  r u l e s  1'11 d i s c u s s  later--- 

t o  be endogenous p r o v i r u s e s .  

chromosomes, passed  on t o  f u t u r e  progeny,  and presumed t o  be t h e  

consequences  of i n f e c t i o n  o f  germinal  cel ls  i n  t h e  r e c e n t  o r  d i s t a n t  

p a s t .  I n  somatic ce l l s ,  endogenous p r o v i r u s e s  may be comple t e ly  

s i l e n t  or t h e y  may be expressed .  

v i r u s e s ,  and t h e  endogenous v i r u s e s  may even be tumor igen ic .  Most 

of these p r o v i r u s e s ,  however, a p p e a r  t o  be f u n c t i o n a l l y  incompetent .  

Though first s t u d i e d  i n  mice and c h i c k e n s ,  i n h e r i t e d ,  p r o v i r u s - l i k e  

e l emen t s  are now known t o  be abundant  i n  v i r t u a l l y  a l l  e u k a r y o t e s  

( n e x t  f r u i t e d  tree),  p r e s e n t  i n  y e a s t ,  f l i es ,  and a l l  v e r t e b r a t e s  

i n c l u d i n g  man. 

i n  o u r  chromosomes, approaching  one p e r c e n t  of o u r  t o t a l  DNA. What 

are t h e y  d o i n g  there? It is  anyone 's  guess .  The p u n d j t s  o f fe r  many 

p o s s i b i l i t i e s :  t h e  e l emen t s  may h a s t e n  e v o l u t i o n a r y  change and hence 

be good for  u s ;  t h e y  may cause  considerab1.e damage but  be tolerated 

i f  they  do  n o t ;  o r  t h e i r  e x i s t e n c e  may be largely u n r e l a t e d  t o  effects 

upon t h e i r  hos t s ,  and i n s t e a d  reflect  on1.y t h e  e l e m e n t s '  s e l f i sh  

j n t e r e s t  j n s u r v i v a l  . 

Such p r o v i r u s e s  are components of normal 

Some can g e n e r a t e  f u l l y  i n f e c t i o u s  

There are ,  a t  a minimum, a f e w  thousand such  e l emen t s  

( n e x t  s l i d e :  e x p r e s s i o n )  Whether exogenous or  endogenous,  

r e t r o v i r u s e s  e x p l o i t  mechanisms provided  by t h e 5 r  host  ce l l s  and 

c o n t r i b u t e  their  own i d i o s y n c r a t i c  mechanisms t o  produce v i r a l  RNA, 

p r o t e i n ,  and u l t j m a t e l y  i n f e c t i o u s  par t ic les  from p r o v i r a l  DNA. 



Consequent ly ,  ( n e x t  f r u i t e d  tree) r e t r o v i r u s e s  have been impor t an t  

r e a g e n t s  i n  e f f o r t s  t o  l e a r n  how e u k a r y o t i c  cel ls  r e g u l a t e  t h e i r  

genes---through s y n t h e s i s  of RNA, w i t h  promoters, enhance r s ,  hormonal 

r e g u l a t o r s ,  and s p l i c i n g ;  through s y n t h e s i s  and m o d i f J c a t i o n  Of 

p r o t e i n s ;  and through coord ina ted  assembly and release o f  v i r u s  

p a r t i c l e s  competent t o  i n f e c t  a new h o s t  cell  e f f i c i e n t l y .  

A closer look a t  r e t r o v i r u s e s  r e v e a l s  a n  e x t r a o r d i n a r y  p o t e n t i a l  

for  complex g e n e t i c  i n t e r a c t i o n  w i t h  each other  and w i t h  t h e i r  hosts. 

( n e x t  s l i d e )  R e t r o v i r u s e s  c a r r y  two R N A  c o p i e s  of t h e i r  genes---hence, 

l i k e  u s ,  bu t  u n l i k e  o t h e r  v i r u s e s ,  t h e y  are d i p l o i d .  When two 

d i s t i n g u i s h a b l e  r e t r o v i r u s e s  i n f e c t  t h e  same cells a number of 

consequences  are p o s s i b l e :  h e t e r o z y g o t e s ,  wi th  two d i f f e r e n t  sets of 

genes ;  recombinants ,  w i t h  new combina t ions  of genes ;  or pseudotypes ,  

w i t h  t h e  p r o t e i n s  of one v i r u s  wrapping up t h e  genes  of a n o t h e r .  

w e  s h a l l  e x p l o r e  i n  greater de t a i l  la ter ,  t h e  i n t e r a c t i o n  between 

v i r a l  and host genes  is even more remarkable, 

c o v a l e n t l y  j o i n e d  t o  t h e  host chromosome. This may lead t o  muta t ion  

of hos t  genes  and o c c a s i o n a l l y  t o  i n c o r p o r a t l o n  of h o s t  genes  i n t o  

progeny v i r u s e s ,  a process called t r a n s d u c t i o n . ( n e x t  f r u j t i n g  tree) 

These phenomena (and o t h e r s )  p rov ide  t h e  p r i n c i p l e s  f o r  a new phase 

of r e t r o v i r o l o g y ,  i n  which r e t r o v i r u s e s  are modf f i ed  by d e s i g n  for  use  

as g e n e t i c  v e c t o r s .  Within t h e  nex t  y e a r  o r  two, w e  w i 3 . 1  l i k e l y  see 

t h e  first a t t e m p t s  t o  c u r e  c e r t a i n  i n h e r i t e d  human diseases wi th  such  

v e c t o r s .  

A s  

w i t h  p r o v i r a l  DNA 

( n e x t  s l i d e :  t r a n s d u c t i o n )  The most p o t e n t  of t h e  oncogenjc  

r e t r o v i r u s e s  are n a t u r a l l y - o c c u r i n g  g e n e t i c  v e c t o r s ,  hav ing  cap tu red  

hos t  genes  d u r i n g  passage  of w i l d  t y p e  r e t r o v i r u s e s  through cel ls .  



The t r ansduced  genes  are r e s p o n s i b l e  for  t h e  n e o p l a s t i c  a c t i v i t i e s  o f  

these v i r u s e s  and are known as v i r a l  oncogenes o r  v-onc's;  t h e i r  

c e l l u l a r  p r o g e n i t o r s  are called c-onc 's  or  proto-oncogenes.  Fol lowing 

t h e  e l u c i d a t i o n  of these p r i n c i p l e s  w i t h  t h e  src  gene of Rous sarcoma 

v i r u s  a decade ago, (nex t  f r u i t e d  tree) src has  been j o i n e d  by abou t  

twenty  other genes ,  some c l o s e l y  related and some n o t ,  some first 

encoun te red  i n  other h i g h l y  oncogenic  v i r u s e s  of b i r d s ,  some i n  

v i r u s e s  of mice, rats, and cats, one  i n  a v i r u s  of monkeys. Each of 

t h e s e  v i r a l  oncogenes is de r ived  from a c e l l u l a r  proto-oncogene, 

genes  t h a t  are c a r e f u l l y  conserved i n  evolution---and hence found i n  

a l l  v e r t e b r a t e s  and sometimes i n  i n s e c t s ,  sponges ,  y e a s t ,  and other 

organisms.  These c e l l u l a r  p r o g e n i t o r s  o f  v i r a l  oncogenes are i n  one 

s e n s e  misnamed: ( n e x t  s l i d e )  under normal c o n d i t i o n s ,  proto-oncogenes 

appea r  t o  s u p p l y  f u n c t i o n s  e s s e n t i a l  for  t h e  growth, development ,  and 

f u n c t i o n  of cells. They provide  e x t r a c e l l u l a r  f a c t o r s  t h a t  s3gnal  

c e l l s  t o  d i v i d e ;  cell  membrane p r o t e i n s  t h a t  s e r v e  as  receptors for  

such  growth factors and posses s  p r o t e i n  k i n a s e  a c t i v i t y  specif ic  for 

t y r o s i n e  r e s i d u e s  i n  target p r o t e i n s ;  other k l n a s e s ,  some a lso  

specif ic  f o r  t y r o s i n e ,  bu t  w i thou t  known p h y s i o l o g i c a l  f u n c t i o n ;  

G T P a s e s  t h a t  are presumptive modula tors  of e x t e r n a l  s i g n a l s  f o r  

growth;  and n u c l e a r  p r o t e i n s  t h a t  may r e g u l a t e  t h e  e x p r e s s i o n  ot 

o t h e r  genes .  

and a n i m a l s ,  proto-oncogenes f u l f i l l  t h e  promise of t h e 3 r  name, havjng  

been c o n v e r t e d  t o  a p p a r e n t l y  a c t i v e  oncogenes by a v a r i e t y  of 

m u t a t i o n a l  mechanisms, i n c l u d i n g  gene  a m p l i f i c a t i o n ,  chromosomal 

t r a n s l o c a t i o n s ,  nearby i n s e r t i o n  of mobile e l e m e n t s ,  r ea r r angemen t s  

t h a t  t r u n c a t e  g e n e s ,  o r  s imple  p o i n t  m u t a t j o n s .  N a t u r a l l y ,  these 

( n e x t  s l l de )  On t h e  other  hand, .in many c a n c e r s  of man 



o b s e r v a t i o n s  have been t h e  seeds for  a d d i t i o n a l  trees ( n e x t  s l i d e ) ,  

one  of which is i l l u s t r a t e d  by t h e  k i n a s e  f a m i l y  of oncogenes and 

proto-oncogenes.  

(composi te  tree s l i de )  I have tried t o  conv ince  you t h a t  t h e  

orchard of r e t r o v i r o l o g y  has flowered and f r u i t e d  m a r v e l l o u s l y  o v e r  

t h e  p a s t  f i f t e e n  y e a r s ,  nour i shed  i n  some c o l l e c t i v e  s e n s e  by those of 

u s  who work i n  it. As we t u r n  t o  c o n s i d e r  i n d i v i d u a l  c o n t r i b u t i o n s  t o  

the  d i s c i p l i n e ,  I f i n d  myself  s h i f t i n g  metaphors  s l i g h t l y ,  t h i n k i n g  

more abou t  h a r v e s t i n g  t h a n  n u r t u r i n g ,  bu t  wondering what de t e rmines  

how each of u s  fares i n  t h i s  garden .  To what e x t e n t  does a good c r o p  

s i g n i f y  character, l u c k ,  i n s i g h t ,  o r  a t r a n s i e n t  stage of l i f e  or  

career? ( s l i d e  o f f  ; l i g h t s  ) 

It was a co inc idence  of vague t h o u g h t s  of t h l s  s o r t  w i t h  a small 

item i n  l as t  November's newpaper t h a t  provided  t h e  m y s t e r i o u s  t i t l e  of 

t o d a y ' s  t a l k .  Following t h e  defeat of t h e  Democrats i n  l a s t  year's 

e l e c t i o n ,  some of Jesse Jackson ' s  s u p p o r t e r s  were asked what he 

planned t o  do w l t h  t h e  p u b l i c  platform he had bu j . l t  d u r i n g  t h e  

campaign. "We want him t o  be a tree-shaker, n o t  a je l ly-maker ,"  one 

of them r e p l i e d .  The r e p o r t e r  went on t o  e x p l a i n  t h a t  Jackson  was 

expec ted  t o  speak  and ac t  i n  ways t h a t  knocked i s s u e s  o u t  of t h e  trees 

so t h e y  cou ld  be s e e n  and acted upon; t h e  p i t t i n g ,  b o i l i n g ,  s u g a r i n g ,  

and b o t t l i n g  (read l i t i g a t i o n ,  l e g i s l a t i o n ,  en fo rcemen t )  wou1.d be lef t  

t o  others less imag ina t ive .  

These are concerns  t h a t  I s u s p e c t  many of u s  have abou t  o u r  

work. We a11 seek those s t a r t l j n g  r e s u l t s  t h a t  s h i f t  paradigms and 

found new d i s c i p l i n e s .  But i s  i t  possble  t o  make a meaningful 

d i s t i n c t i o n  between tree-shaking and je l ly-making  j n  d a i l y  l a b o r a t o r y  



l ife? 

are we j u s t  as l i k e l y  t o  meet w i t h  thunde rous  s u c c e s s  by hewing 

c l o s e l y  t o  P a s t e u r ' s  dictum, "Chance and t h e  prepared  mindtt? As w e  

grow w i t h  a d i s c i p l i n e ,  we become attached t o  o u r  own f i n d i n g s  and o u r  

own reagen t s - - - ce l l  l i n e s ,  mutants ,  t e c h n i q u e s  ---often t o  t h e  p o i n t  

a t  which i t  is l eg i t i b l e  t o  wonder, ftWould I be t r y i n g  t o  s o l v e  t h e  

problem a t  t h e  heart of my research effor ts  i n  some better way i f  I 

now e n t e r e d  i t  anew and attacked i t  w i t h o u t  t h e  baggage of t h e  p a s t ?  

Is it  p o s s i b l e  t o  start each day w i t h  a r e v o l u t i o n a r y  p l a n ?  O r  

I d o n ' t  see s imple  answers t o  t h e s e  q u e s t i o n s .  I have had t h e  

good l u c k  t o  be associated some y e a r s  ago w i t h  one  e p i s o d e  of wha t  now 

seems t o  be a c a n d i d a t e  for t ree-shaking:  t h e  d i s c o v e r y  t h a t  

r e t r o v i r a l  oncogenes are de r ived  from normal c e l l u l a r  genes.  Yet even 

t h a t  d i s c o v e r y  was n o t  i n s t a n t e o u s l y  pe rce ived  as  t r ee - shak ing  by 

us---and c e r t a i n l y  n o t  by o u r  audience- - -unt i l  a l o t  of je l ly-making ,  

and even some a d d i t i o n a l  t r ee - shak ing ,  had o c c u r r e d  i n  a large number 

of l abs .  

I would l i k e  t o  e x p l o r e  these c o n s i d e r a t i o n s  f u r t h e r  by t e l l i n g  a 

s t o r y  t h a t  b e g i n s  wi th  a s imple  and p o t e n t i a l l y  specla3. ized (i.e. 

j e l ly -mak ing)  q u e s t i o n  abou t  how r e t r o v i r u s e s  reproduce .  The ta le  

leads first t o  a d e s c r i p t i o n  of p r o v i r a l  DNA t h a t  l i n k s  r e t r o v i r u s e s  

w i t h  o t h e r  k i n d s  o f  mobile g e n e t i c  e l emen t s ;  i t  t h e n  p r o v i d e s  t h e  

first e v i d e n c e  t h a t  c e l l u l a r  proto-oncogenes can  become t r u e  oncogenes 

w i t h o u t  conve r s ion  t o  v i r a l  oncogenes; and i t  e n d s  w i t h  t h e  d i s c o v e r y  

of a n  nove l  oncogene i m p l i c a t e d  i n  mammary carc jnomas  of mice. 

By 1975, t h e  p r o v i r u s  hypo thes i s  was f i r m l y  e s t a b l i s h e d .  ( l i g h t s  

down: s l i d e )  Work here and elsewhere had shown t h a t  v i r a l  DNA i s  made 

i n  t h e  cy toplasm o f  r e t r o v i r u s - i n f e c t e d  ce l l s  by r e v e r s e  t r a n s c r i p t a s e  



and la ter  i n t e g r a t a e d  c o v a l e n t l y  i n t o  host chromosomes, where i t  then  

s e r v e s  as a t empla t e  for s y n t h e s i s  of v i r a l  RNA. Ram Guntaka had 

r e c e n t l y  d i scove red  here t h a t  r e t r o v i r a l  DNA is p r e s e n t  i n  a c i r c u l a r  

as well as a double  s t r a n d e d  l i n e a r  form e a r l y  a f t e r  i n f e c t i o n .  The 

model shown was proposed a t  t h a t  p o i n t  for  e a r l y  e v e n t s  i n  t h e  v i r u s  

l i f e  c y c l e ,  showing l i n e a r  DNA, approx ima te ly  t h e  s ize  of its v i r a l  

RNA t e m p l a t e ,  as p r e c u r s o r  t o  c i r c u l a r  DNA, c i r c u l . a r  DNA i n t e g r a t i n g  

i n t o  host DNA, and p r o v i r a l  DNA b e i n g  t r a n s c r i b e d  i n t o  v i r a l  RNA. 

A t t e n t i o n  was focused upon t h e  o r g a n i z a t i o n  of v i r a l  DNA, t he  manner 

i n  which i t  was s y n t h e s i z e d  and i n t e g r a t e d ,  and t h e  p o s i t i o n s  i n  h o s t  

chromosomes a t  which i n t e g r a t i o n  occur red .  

T h i s  scheme was correct i n  g e n e r a l .  But t h i n k i n g  a b o u t  some 

c r u c i a l  detai ls  was t r o u b l e d  by t h e  f o l l o w i n g  dilemma. 

S e v e r a l  l a b o r a t o r i e s  had examined t h e  i n i t i a l  s teps  i n  r e v e r s e  

t r a n s c r i p t i o n  by working w i t h  t h e  v i r a l  enzyme i n  v i t r o .  The pr jmer  

for  DNA s y n t h e s i s  was found t o  be a hos t  t R N A  bound t o  v i r a l  RNA n e a r  

its 5' end.  S y n t h e s i s  of DNA cou ld  proceed fo r  o n l y  a v e r y  sho r t  way, 

a b o u t  1% of t h e  RNA template, before someth ing  unusual. had t o  occur .  

Because v i r a l  RNA was shown to  be t e r m i n a l l y  redundant - - - tha t  is, t o  

have e x a c t l y  t h e  same shor t  sequence ,  called R, a t  each end---and 

because  r e v e r s e  t r a n s c r i p t a s e  is associated w i t h  a n o t h e r  enzymat ic  

a c t i v i t y  t h a t  can remove RNA from a n  RNA:DNA h y b r i d ,  i t  was proposed 

(and later proven)  t h a t  t h e  DNA copy of R (called R') is  exposed t o  

form a h y b r i d  w i t h  t h e  other ( 3 ' )  end of v i r a l  RNA. This  a l l o w s  t h e  

n a s c e n t  DNA t o  prime s y n t h e s i s  a l o n g  t h e  rest of v i r a l  RNA. While it 

s o l v e s  t h e  problem of ex tend ing  the  DNA s t r a n d ,  t h i s  manuever creates 

a n o t h e r  problem: namely, a copy of R has a p p a r e n t l y  been  sacrificed. 

( n e x t  s l i d e )  



( s l i d e )  A t  first g lance  t h i s  would be d i s a s t e r o u s  for  t h e  v i r u s  

l i f e  c y c l e :  copies o f  R must be p r e s e n t  a t  b o t h  ends  of p r o v i r a l  DNA 

to  p rov ide  a n  a p p r o p r i a t e  template for  s y n t h e s i s  of v i r a l  RNA. 

of R must be  r ega ined ,  bu t  when and how? It is  s o b e r i n g  t o  r e v e a l  

t o  you t h e  answers  t h a t  I proposed a t  t h e  time t o  my c o l l e a g u e s  i n  

p u b l i c  places. We t h e n  called t h e  R sequence  X ,  and t h e  schemes 

inc luded  ( s l i d e )  i n t e g r a t i o n  a t  a hos t  s i t e  t h a t  con ta ined  a second 

copy of X ,  ( s l i d e )  s t agge red  c u t t i n g  of c i r c u l a r  DNA t o  d u p l i c a t e  X ,  

and ( s l i d e )  tandemly i n t e g r a t e d  p r o v i r u s e s ,  each p r o v i d i n g  a s i n g l e  

copy of X.  Each of these seems r e a s o n a b l y  c l e v e r  and would s o l v e  t h e  

problem d u r i n g  t h e  i n t e g r a t i o n  s t e p ;  bu t  a l l  are wrong and  

e s s e n t i a l l y  less i n t e r e s t i n g  than  t h e  real answer.  

A copy 

F ind ing  the answer was t e c h n i c a l l y  demanding---remember these not -  

so- long  ago days  preceded molecular  c l o n i n g  of r e t r o v i r a l  DNA---and i t  

r e p r e s e n t e d  one  of t h e  first a p p l i c a t i o n s  of S o u t h e r n ' s  DNA t r a n s f e r  

p rocedure  t o  e u k a r y o t i c  sequences p r e s e n t  i n  v e r y  few c o p i e s  per  

cel l . (s l ide)  

s p e c i f i c  fo r  t h e  r e g i o n  of v i r a l  RNA p o s i t i o n e d  between t h e  t R N A  

pr imer  and R---a sequence known hereafter as US---and for a r e g i o n  

s i t u a t e d  n e a r  t he  other copy of R (and known as  U 3 ) .  We were also 

he lped  by r e c o g n i t i o n  s i g n a l s  for  c e r t a i n  r e s t r i c t i o n  enzymes i n  these 

r e g i o n s  (e.g. a n  Eco R I  s i te i n  U 3 ) .  

The s u c c e s s f u l  strategies made u s e  of molecu la r  probes 

The p i c t u r e  of u n l n t e g r a t e d  l i n e a r  DNA t h a t  emerged from t h i s  work 

(performed by Peter Shank, S teve  Hughes, and H J  Kung) was 

e x t r a o r d i n a r y  and unexpected ( s l i d e ) :  bo th  U3 and U 5  ( and ,  by 

i m p l i c a t i o n ,  a copy o f  R )  were p r e s e n t  a t  b o t h  ends  o f  l i n e a r  DNA. 

T h i s  meant t h a t  t h e  copy of R was r e s t o r e d  d u r i n g  DNA s y n t h e s i s  rather 



t h a n  d u r i n g  i n t e g r a t i o n ;  t h a t  s equences  p r e s e n t  o n l y  once  i n  v i r a l  RNA 

( i - e -  U3 and U5) were p r e s e n t  twice i n  DNA; t h a t  t h e  arrangement  of 

these sequences created t e r m i n a l  r e p e a t s  i n  t h e  DNA t h a t  were 

s u b s t a n t i a l l y  longe r  t h a n  the  t e r m i n a l  r e p e a t  i n  t h e  RNA. 

Furthermore,  c r e a t i o n  of these l o n g  r e p e a t s  r e q u i r e d  a second 

acrobatic e v e n t  d u r i n g  DNA s y n t h e s i s ,  one r e s e m b l i n g  t h e  first jump 

between t e m p l a t e s  descr ibed earlier. ( T h i s  e v e n t ,  t h e  second jump, is 

now under s tood  b u t  a d i s t r a c t i o n  from t h e  s t o r y  I want t o  t e l l . )  

( n e x t  s l i d e )  L i n e a r  DNA was t h e n  shown to  be c o n v e r t e d  t o  two 

forms of c i r c u l a r  DNA, a form w i t h  one  copy of t h e  l o n g  t e r m i n a l  

r e p e a t  (or LTR) and one  w i t h  two c o p i e s  t h a t  was r e c e n t l y  proven t o  be 

the  i n t e g r a t i n g  s p e c i e s .  I n t e g r a t e d  p r o v i r a l  DNA i t se l f  was found t o  

resemble t h e  l i n e a r  DNA, s a v e  for  t h e  fact t h a t  it was j o l n e d  t o  host  

DNA a t  bo th  e n d s ,  w i t h  each p r o v i r u s  l i n k e d  t o  a d i f f e r e n t  pa r t  of  t h e  

h o s t  genome. According t o  t h i s  strategy, p r o v i r a l  DNA was 

b e a u t i f u l l y  equipped t o  be a t e m p l a t e  for p r o d u c t i o n  of v i r a l .  RNA--- 

t h e  R s equence  was p r e s e n t  nea r  b o t h  e n d s ,  and there was a d d i t i o n a l  

sequence t h a t  might  encode r e g u l a t o r y  s i g n a l s ,  s u c h  as t r a n s c r i p t i o n a l  

p romote r s ,  and would reside upstream of t h e  a p p r o p r i a t e  i n i t i a t i o n  

si te.  The r e s u l t s  a l s o  i m p l i e d  t h a t  i n t e g r a t i o n  of v i r a l  DNA was 

q u i t e  precise, 

c e l l u l a r  DNA, bu t  random or  quasi-random w i t h  respect t o  t h e  c e l l . u l a r  

s i te  a t  which i n t e g r a t i o n  occur s .  

always j o i n i n g  t h e  same r e g i o n  of v i r a l  DNA t o  

With  l a t e r  a p p l i c a t i o n  of molecu la r  c l o n i n g  and n u c l e o t i d e  

sequenc jng  t e c h n i q u e s ,  each of these d e d u c t i o n s  was confirmed and 

a d d i t i o n a l  symmetries were pe rce ived .  ( n e x t  s l i d e )  F i r s t ,  t h e  LTRs 

were found t o  have i n t e r n a l  symmetr ies ,  w i t h  t h e j r  t e r m i n a l  



n u c l e o t i d e s  a r r anged  a s  i n v e r s i o n s  of t h e  same sequence .  Second, t h e  

s i t e  i n  v i r a l  DNA a t  which l i n k a g e  t o  h o s t  DNA o c c u r s  is  precise t o  

t h e  n u c l e o t i d e ,  w i t h  e x a c t l y  two base pairs l o s t  from each LTR. (This 

loss is tolerated because i t  i n v o l v e s  a r e g i o n  t h a t  is  n o t  t r a n s c r i b e d  

i n t o  RNA.) 

d i f f e r e n t  fo r  each p r o v i r u s ,  a f e w  n u c l e o t i d e s  a t  t h e  i n s e r t i o n  s i t e  

are p r e c i s e l y  d u p l i c a t e d  t o  f l a n k  t h e  p r o v i r u s .  

Third,  though the  host i n t e g r a t i o n  s i tes  are a lways  

F i n a l l y ,  (nex t  s l ide :  LTR anatomy) both s t r u c t u r a l  and f u n c t l o n a l  

s t u d i e s  show t h a t  t h e  LTR is t r u l y  t he  hub of t h e  p r o v i r a l  universe---  

d e f i n e d  by i n i t i a t i o n  sites f o r  s y n t h e s i s  of both DNA s t r a n d s ,  

c o n t a i n i n g  t h e  si tes for i n t e g r a t i o n ,  and equipped w i t h  s i g n a l s  t o  

start RNA a t  t h e  upstream end of a p r o v i r u s  and t o  end i t  a t  t h e  

downstream end.  

I n  mid-1978, j u s t  a f t e r  LTRs had come i n t o  view,  w e  moved t o  

London t o  spend a sabbatical a t  t h e  Imperial Cancer  Research Fund and 

i n  a Georgian  row house i n  I s l i n g t o n  ( s l i d e ) .  Having p l e n t y  of time 

t o  rumina te ,  I began t o  t h i n k  s e r i o u s l y  a b o u t  t h e  p o s s i b i L i t y  t h a t  

i n t e g r a t i o n  of r e t r o v i r a l  DNA would,  i n  effect ,  muta t e  t he  h o s t  

chromosome. ( n e x t  s l i d e :  s t r u c t u r a l  homologies) T h i s  idea had 

a c t u a l l y  been s e l f - e v i d e n t  from t h e  time p r o v i r u s e s  were first 

proposed t o  i n t e g r a t e  i n t o  h o s t  DNA,  b u t  i t  took added force from 

d e s c r i p t i o n  of t h e  LTRs. It was now a p p a r e n t  t h a t  t h e  p r o v i r u s e s  of 

r e t r o v i r u s e s - - - h e r e  r ep resen ted  by t h e  two w e  had s t u d i e d ,  Rous 

sarcoma and mouse mammary tumor virus---were a f f i l 5 a t e d ,  a t  least  on 

s t r u c t u r a l  g rounds ,  w i t h  mobile  g e n e t i c  e l emen t s  of bacteria, yeast, 

and Drosophila.  

f u n c t i o n a l l y  related t o  r e t r o v i r a l  p r o v i r u s e s ,  s i n c e  t h e y  p a s s  through 

(The la t te r ,  as  you have already heard,  are a lso 



RNA i n t e r m e d i a t e s . )  I n  g e n e r a l ,  when these e l emen t s  move (or 

t r a n s p o s e )  t h e y  e n t e r  h o s t  chromosomes promiscuous ly ;  ( n e x t  s l i d e :  

i n s e r t i o n  mut s )  hence t h e y  are prone t o  make f u n c t i o n a l l y  s i g n i f i c a n t  

m u t a t i o n s ,  e i ther  by d i s r u p t i n g  and i n a c t i v a t i n g  a normal gene or  by 

augmenting i t s  e x p r e s s i o n  from a nearby  i n s e r t i o n  si te.  

I decided t o  show d i r e c t l y  t ha t  r e t r o v i r u s e s  c a n  act as  mutagens by 

I chose t o  i n t e r r u p t i n g  a p r e - e x i s t i n g  gene i n  a c e l l u l a r  chromosome. 

u s e  as a g e n e t i c  target for  an i n v a d i n g  p r o v i r u s  n o t  a c e l l u l a r  gene ,  

b u t  i n s t e a d  ( n e x t  s l i d e )  the  s i n g l e  Rous sarcoma p r o v i r u s  whose src  

gene  and p r o t e i n  product  had been r e s p o n s i b l e  fo r  n e o p l a s t i c  

t r a n s f o r m a t i o n  of a normal rat cell ,  producing  the  l i n e  called B31. 

S u p e r i n f e c t i o n  of B31 ce l l s  w i t h  a n o t h e r  r e t r o v i r u s - - - a  murine 

leukemia v i r u s  t h a t  lacks a n  oncogene and does n o t  t r a n s f o r m  ce l l s  i n  

cu l ture- - - should  r e v e r t  t h e  behav io r  of B31  cel ls  t o  normal i n  those 

rare cel ls ,  roughly  one i n  a m i l l i o n ,  whose Rous p r o v i r u s  is 

i n t e r r u p t e d  by a newly acqu i red  murine leukemia p r o v i r u s .  Moreover, 

if t h e  l a t te r  p r o v i r u s  were then  e x c i s e d ,  t h e  cel ls  might r e t u r n  t o  

t h e  t r ans fo rmed  state.  ( n e x t  s l i d e :  i n s l , 2 )  The expec ted  mutants  

were indeed  rare, but  Suzanne O r t i z  and I were ab le  t o  i so la te  two o f  

them, and t h e y  e x h i b i t e d  t h e  p r e d i c t e d  p r o p e r t i e s .  I n  both cases, an 

MLV p r o v i r u s  was s t u c k  i n  t h e  midd le  of t h e  RSV provi rus- - -  

i n t e r e s t i n g l y ,  n o t  i n  t h e  coding  r e g i o n  f o r  src b u t  i n  t h e  midd le  o f  a 

r e g i o n  normal ly  removed by s p l i c i n g  to  produce src  messenger  RNA.  A s  

a r e s u l t ,  l i t t l e  or  no src mRNA o r  p r o t e i n  was found i n  t h e  mutant  

cel ls  and the  ce l l s  l o s t  t h e i r  t ransformed phenotype.  I n  one of t h e  

two l i n e s ,  most of t h e  MLV p r o v i r u s  was e l i m i n a t e d  a t  low f requency ,  

by r ecombina t ion  between t h e  LTRs. T h i s  rare e v e n t  w a s  r e a d l l y  



detectable, however, because it restored e x p r e s s i o n  of t he  src gene 

and t h e  t r ans fo rmed  phenotype. I n  short ,  r e t r o v i r u s e s  were proven 

competent  t o  make i n s e r t i o n  muta t ions  t h a t  i n a c t i v a t e  genes ,  a t  about  

t h e  f requency  expected f o r  a randomly i n t e g r a t i n g  e lement .  ( This 

c o n c l u s i o n  has  now been co r robora t ed  by o t h e r  l a b o r a t o r i e s ,  i n  both 

germina l  and somatic ce l l s ,  u s i n g  t r u e  h o s t  genes  as targets.) 

But what abou t  i n s e r t i o n  m u t a t i o n s  tha t  a c t i v a t e  c e l l u l a r  genes? 

About t h e  time of my s a b b a t i c a l ,  Nancy Q u i n t r e l l  performed a n  

exper iment  t h a t  I now l i k e  t o  describe as h e u r i s t i c .  ( s l i d e  of N Q ' s  

e x p t )  

t ransformed mammalian cel ls ,  she  happened upon one ce l l  l i n e  3n which 

t h e  p r o v i r u s  appeared to  be promoting t r a n s c r i p t i o n  of a d j a c e n t  

c e l l u l a r  DNA, s i n c e  a novel  messenger RNA was shown t o  c o n t a j n  host 

sequences  l i n k e d  t o  sequences---R and US---from t h e  v i r a l  LTR. No 

matter t h a t  t h e  conc lus ion  shown here is i n a c c u r a t e  i n  c e r t a i n  

detai ls ,  o r  t h a t  t h e  phenomenon had no a p p a r e n t  consequences  for  t h i s  

ce l l .  Its ef fec t  was i n s t e a d  upon o u r  t h i n k i n g  a b o u t  a n o t h e r  

s i t u a t i o n :  ( s l i d e )  how does  a r e t r o v i r u s  t h a t  lacks a n  oncogene manage 

t o  i n d u c e  a tumor? 

I n  s u r v e y s  of v i r a l  DNA and RNA i n  Rous sarcoma v i r u s  

I i n d i c a t e d  ear l ier  t h a t  n o t  a l l  oncogenic  r e t r o v i r u s e s  c a r r y  

v i r a l  oncogenes---genes de r ived  from c e l l u l a r  proto-oncogenes.  Those 

t h a t  d o n ' t ,  t e n d  t o  produce tumors s l u g g i s h l y  and are lncompetent  t o  

t r ans fo rm c u l t u r e d  ce l l s .  S ince  these v i r u s e s  are v i g o r o u s l y  

i n f e c t i o u s ,  

i n a p p r o p r i a t e  e x p r e s s i o n  o f  some proto-oncogene t h a t  happened t o  

reside n e a r  (presumably downstream from) a n  j n s e r t e d  p r o v i r u s .  Even 

i f  t h i s  e v e n t  occur red  ex t remely  rarely,  i t  s h o u l d  be  detectable when 

t h e  affected cell grew c l o n a l l y  t o  form a tumor. 

i t  seemed p l a u s i b l e  t o  a s k  whether  t he i r  LTRs mi.ght d r i v e  



Greg Payne, t h e n  a g r a d u a t e  s t u d e n t  i n  o u r  g roup ,  c o n s i d e r e d  t h i s  

p o s s i b i l i t y  i n  h i s  work w i t h  t h e  a v i a n  l e u k o s i s  virus---  a ch icken  

r e t r o v i r u s  devoid of a v i r a l  oncogene b u t  s t i l l  able t o  produce 

tumors ,  most commonly lymphomas i n  t h e  B cel l  o r g a n  of t h e  c h i c k e n ,  

t h e  bu r sa  of F a b r i c i u s .  ( s l i de :  models and LL1) Some tumors  d i d  j n  

fac t  c o n t a i n  s p e c i e s  of RNA similar t o  t h a t  Nancy had d e s c r i b e d ,  w i t h  

LTR sequences  l i n k e d  t o  u n i d e n t i f i e d  h o s t  sequences .  Moreover,  such  

tumors---for example, tumor LL1--- u s u a J l y  had o n l y  a s i n g l e  p r o v i r u s  

and t h e  p r o v i r u s  was o f t e n  a b e r r a n t ,  so t h a t  it was n o t  p o s s i b l e  to  

e x p r e s s  v i r a l  genes.  This sugges t ed  t h e  v i r a l  g e n e s  used for  v i r u s  

r e p l i c a t i o n  were n o t  jmpor tan t  for tumor growth, b u t  whatever  

sequences  r e s i d e d  downstream from t h e  p r o v i r u s  might be. 

It was o b v i o u s l y  c r i t i ca l  t o  know what those sequences  were. 

Phys ica l  mapping w i t h  r e s t r i c t i o n  enzymes, bo th  by Greg and i n  

parallel  work by Hayward, A s t r i n ,  and t h e i r  c o l l e a g u e s ,  sugges t ed  t h a t  

t h e  a c t i v a t e d  host  sequences  might  be t h e  same i n  d i f f e r e n t  tumors .  

A t  t h i s  p o i n t  Hayward caused what I would now ca l l  'la d i s t u r b a n c e  i n  

the  f i e l d . "  ( I s t i l l  l o s e  s l e e p  o v e r  t h i s  o n e ,  though I assume 

Hayward does  n o t . )  He used a v a i l a b l e  p robes  f o r  s e v e r a l  r e t r o v i r a l  

oncogenes ,  and found ( s l i d e )  t h a t  t h e  v a s t  m a j o r i t y  of b u r s a l  

lymphomas con ta ined  ALV p r o v i r u s e s  a d j a c e n t  t o  a now e f f i c i e n t l y  

t r a n s c r i b e d  c e l l u l a r  myc gene ,  t h e  proto-oncogene previous1  y 

d i s c o v e r e d  by Mike and Diana S h e i n e s s  when t h e y  traced t h e  c e l l u l a r  

o r i g i n s  of t h e  v-myc oncogene o f  a h i g h l y  oncogenic  a v j a n  

r e t r o v i r u s e s .  

Here was a tree-shaker: for t h e  first time, c e l l u l a r  p r o t o -  

oncogenes appeared t o  d e s e r v e  t h e i r  p e r j o r a t i v e  name a f te r  all: t h e y  



could  be a c t i v a t e d  i n  t h e i r  o r i g i n a l  s e t t i n g s  and t h e r e b y  c o n t r i b u t e  

t o  n e o p l a s i a .  A few o f  you have heard me speak  p r e v i o u s l y  abou t  t h e  

m u s i c a l l t y  of d iscovery .  For example,  t h e  f i n d i n g  t h a t  v i r a l  oncogenes 

are d e r i v e d  from c e l l u l a r  genes  seems Wagnerian i n  t e x t u r e :  t h e  p i e c e  

draws much of its s t r e n g t h  from repeated r e s t a t e m e n t  of t h e  theme. 

Hayward's exper iment  was Mozart ian i n  character: a s i n g l e ,  

t r a n s p o r t i n g  ph rase ,  one t h a t  seemed effortless b u t  sugges t ed  i n f i n i t e  

p o s s i b i l i t i e s .  The p h y s i c a l  e x e c u t i o n  of h i s  exper iment  was t r i v i a l ;  

we were able t o  conf i rm t h e  r e s u l t s  w i t h i n  days  of h i s  phone cal l .  

Why d i d n ' t  w e  do i t  earlier? It w i l l  cost you a beer t o  f i n d  o u t .  

When we rega ined  o u r  composure, we r e a l i z e d  t h a t  o u r  c o l l e c t i o n  of 

tumors  d i f f e r e d  i n  an i n t e r e s t i n g  way from Hayward's: ( n e x t  s l i d e :  

diagram of myc) 

t h a t  a n  LTR could  provide  a promoter for  c-myc. However, s e v e r a l  of 

o u r  tumors had p r o v i r u s e s  a r ranged  d i f f e r e n t l y  w i t h i n  t he  c-myc l o c u s .  

I n  such  cases, w i t h  t h e  p r o v i r u s  ups t ream from c-myc b u t  j n  t h e  

o p p o s i t e  t r a n s c r i p t i o n a l  o r i e n t a t i o n  o r  w i t h  t h e  p r o v i r u s  downstream 

from c-myc, a n o t h e r  p rope r ty  o f  t h e  p r o v i r u s  must be r e s p o n s i b l e  for  

augmented e x p r e s s i o n .  This was one of the  first pieces of ev idence  

t h a t  p r o v i r u s e s  con ta ined  t r a n s c r i p t i o n a l  enhance r s ,  s equences  t h a t  

improve t h e  performance o f  a d j a c e n t  promoters o v e r  r e l a t i v e l y  large 

d i s t a n c e s  and i n  a f a sh ion  independent  o f  o r i e n t a t i o n .  

a l l  o f  h i s  tumors con ta ined  p r o v i r u s e s  p o s i t i o n e d  so 

F u r t h e r  s t u d y  of t h e  mutated c-myc loc i  by Greg and Dave Westaway 

showed t h a t  t h e  i n s e r t i o n  of ALV DNA was n o t  t h e  sole  l e s i o n :  u s u a l l y  

t h e  p r o v i r u s e s  were damaged by d e l e t i o n s  and sometimes t h e  cod ing  

sequence  o f  c-myc was also al tered.  These secondary  m u t a t i o n s  are 

c o n s i s t e n t  w i t h  c l i n i c a l  op in ion  t h a t  t h e  development of a c a n c e r  



r e q u i r e s  m u l t i p l e  r a r e  e v e n t s ,  r e i n f o r c i n g  o u r  conf idence  t h a t  tumor 

i n d u c t i o n  by v i r u s e s  wi thou t  oncogenes is a credible model for human 

c a n c e r s .  

T h i s  e p i s o d e  w i t h  b u r s a l  lymphomas has had a dramatic effect upon 

many a s p e c t s  of r e t r o v i r o l o g y  and oncology.  ( s l i d e :  r ea r r angemen t s )  

The most f a r - r ang ing  i n f l u e n c e  of i n s e r t i o n  m u t a t i o n s  i n  t h e  c-myc 

l o c u s  has been t o  s e r v e  as  h a r b i n g e r s  of other k i n d s  of rear rangements  

of DNA, a l t e r a t i o n s  of chromosomal a r c h i t e c t u r e  t h a t  affect  other 

proto-oncogenes as  w e l l  as c-myc, i n  both human and e x p e r i m e n t a l  

tumors. This s l i d e  i l l u s t r a t e s  some well known examples  --- 
chromosomal t r a n s l o c a t i o n s  i n  which c-myc g e n e s  i n  B u r k i t t  lymphomas 

are fused  to  immunoglobulin genes  on other  chromosomes, and l o c a l i z e d  

a m p l i f i c a t i o n s  of c e l l u l a r  DNA t h a t  augment t h e  number o f  c o p i e s  of c- 

myc genes  and t h e  abundance of t h e  gene  p r o d u c t s .  

P r o v i r a l  i n s e r t i o n s  i n  c-myc a l so  s t i m u l a t e d  o u r  t h i n k i n g  about  

the mechanism by which r e t r o v i r u s e s  c a p t u r e  h o s t  proto-oncogenes and 

c o n v e r t  them to  v i r a l  oncogenes.  

accep ted  scheme, whose p r i n c i p a l  archi tect  was Ron Swanstrom, 

t r a n s d u c t i o n  is proposed t o  begin  w i t h  a p r o v i r a l  i n s e r t i o n  mutation 

ups t ream from a proto-oncogene and i n  t h e  same t r a n s c r i p t i o n a l  

o r i e n t a t i o n .  I l i k e  t o  t h i n k  t h a t  t h i s  e v e n t  i n i t i a t e s  u n c o n t r o l l e d  

ce l l  growth ,  expanding t h e  number of ce l l s  i n  which t h e  subsequen t  

rare e v e n t s  migh t  occur .  A d e l e t i o n  muta t ton  t h e n  removes t h e  

downstream p a r t  o f  t h e  p r o v i r u s ,  making a h y b r i d  t r a n s c r i p t i o n a l  u n i t .  

After s p l i c i n g ,  messenger RNA from such  u n i t s  would have one  end t h a t  

resembles normal r e t r o v i r a l  RNA and i n c l u d e s  s i g n a l s  f o r  packagJng 

i n t o  v i r u s  par t ic les .  The o t h e r  end c o n t a i n s  some of t h e  exons  from 

( s l i d e )  As shown i n  t h i s  widely-  



t he  c e l l u l a r  proto-oncogene. If a n o t h e r  normal p r o v l r u s  is i n  t h e  

same ce l l ,  he t e rozygo te  genomes can form, and recomblna t ion  is l i k e l y  

t o  follow. The f i n a l  product  is a n  RNA molecule  w i t h  a l l  t h e  f e a t u r e s  

r e q u i r e d  fo r  r e p l i c a t i o n  as a r e t r o v i r a l  genome, provided  t h a t  v i r a l  

p r o t e i n s  are s u p p l i e d  by a n  accompanying h e l p e r  v i r u s .  Th i s  is t h e  

case for  t h e  v a s t  m a j o r i t y  of r e t r o v i r u s e s  b e a r i n g  oncogenes.  S e v e r a l  

factors may c o n t r i b u t e  t o  t h e  p h y s i o l o g i c a l  differences between a n  

oncogenic  v-onc and a benign c-onc: s u s t a i n e d  and e f f i c i e n t  e x p r e s s i o n  

from v i r a l  LTRs, t r u n c a t i o n s  o f  t he  c o d i n g  r e g i o n s ,  and more s u b t l e  

n u c l e o t i d e  sequence changes t h a t  o c c u r  d u r i n g  v i r u s  m u l t i p l i c a t i o n .  

Let's pause  b r i e f l y  here t o  r ev iew where w e  have been. You have 

s e e n  how p r o v i r u s e s  were found t o  resemble t r a n s p o s a b l e  e l e m e n t s ,  and 

I have shown you examples of three so r t s  o f  p r o v i r a l  i n s e r t i o n  

muta t ions :  ( s l ide :  I M 1 )  mu ta t ions  t h a t  i n a c t i v a t e  g e n e s ,  (s l lde:  

IM2)mutat ions t h a t  a c t i v a t e  genes  by promoter i n s e r t i o n  and c o u l d  

r e p r e s e n t  t h e  first s t e p  i n  t h e  t r a n s d u c t i o n  of oncogenes,  and ( s l i d e :  

IM3) m u t a t i o n s  t h a t  a c t i v a t e  genes  by a n  enhance r  mechanism. 

t h e  rewards of muta t ions  should  be  t h e  i d e n t i f i c a t i o n  and i s o l a t i o n  Of 

new genes ,  something I have y e t  t o  describe. T h i s  b r i n g s  m e  t o  t h e  

f i n a l  stage of t o d a y ' s  s t o r y .  

( s l i d e  of C3H mouse) 

One of 

Our group has been i n t e r e s t e d  s i n c e  t h e  

e a r l y  1970's i n  t h e  mammary carcinomas caused  by t h e  mouse mammary 

tumor v i r u s ;  ( s l i d e :  summary) MNTV is a r e t r o v i r u s  commonly 

t r a n s m i t t e d  through m i l k  t o  n u r s i n g  mice. 

i t  lacks a v i r a l  oncogene, and i n d u c e s  c l o n a l  n e o p l a s t i c  growths  t h a t  

c o n t a i n  new p r o v i r u s e s ,  s u g g e s t i n g  t h a t  a n  i n t e g r a t i o n  e v e n t  may be 

impor t an t  i n  c a r c i n o g e n e s i s .  F i n a l l y ,  t h e  MMTV LTR harbors an  

L ike  a v i a n  l e u k o s i s  v i r u s ,  



unusua l  promoter w i t h  g l u c o c o r t i c o i d  r e s p o n s i v e n e s s ,  s u g g e s t i n g  t h a t  

a n  a t y p i c a l  r e g u l a t o r y  phenomenon may a l s o  be i m p o r t a n t .  

I n  1981, Roel Nusse and I set  o u t  ( s l i d e :  b i c y c l i s t s )  t o  a s k  

whether MMTV p r o v i r u s e s  were c a u s i n g  i n s e r t i o n  m u t a t i o n s  i n  these 

tumors  ( s l i d e :  ?) and,  i f  so,  t o  i so la te  t h e  a f f e c t e d  p r o t o -  

oncogene--- hoping t h a t  w e  would be l e d  t o  a nove l  gene ,  n o t  back t o  

c-myc o r  some o t h e r  known proto-oncogene. 

r e s u l t s ,  t h e  l a t t e r  would o n l y  be i n t e r e s t i n g  je l ly-making.  

I n  t h e  wake of Hayward's 

Our s t r a t e g y  was similar to  one t h a t  had been r e c e n t l y  used t o  

isolate a n  e y e  c o l o r  gene from Drosoph i l a  me lanogas t e r .  The mobile 

g e n e t i c  e l emen t ,  c o p i a ,  had caused a m u t a t i o n  i n  t h e  w h i t e  l o c u s ;  by 

c l o n i n g  t h a t  copy of t h e  c o p i a  e l emen t ,  i t  was p o s s i b l e  t o  g a i n  a 

f o o t h o l d  i n  t h e  gene,  because a p i e c e  of it was a d j a c e n t  t o  c o p i a  i n  

t h e  molecu la r  c l o n e .  ( s l i d e )  To p r a c t i c e  t h i s  a r t ,  now known a s  

t r a n s p o s o n  t a g g i n g ,  Roel sough t  and found a mouse mammary tumor 

b e a r i n g  o n l y  a s i n g l e  new MMTV p r o v i r u s .  

t h i s  p r o v i r u s  shou ld  be a d j a c e n t  t o  a n  a c t i v a t e d  proto-oncogene. I f  

t u m o r i g e n e s i s  depends upon t h e  rare i n s e r t i o n  of v i r a l  DNA n e a r  t h i s  

proto-oncogene, o t h e r  tumors s h o u l d  also have p r o v i r u s e s  somewhere i n  

t h e  v i c i n i t y .  To test these p r e d i c t i o n s ,  p a r t  of the  p r o v l r u s  was 

c loned  from t h e  i n i t i a l  tumor w i t h  f l a n k i n g  h o s t  DNA s t i l l  attached; 

t h e  host  sequences  were then  s e p a r a t e d  from v i ra l .  DNA and used as  a 

p robe  t o  a s k  two q u e s t i o n s :  whether t h e  i n t e g r a t i o n  s i t e  was 

i n t e r r u p t e d  i n  o t h e r  tumors as  a r e s u l t  o f  MMTV i n s e r t i o n s ,  and 

whe the r  t h e  i n s e r t i o n s  altered e x p r e s s i o n  of any g e n e s  i n  t h e  r e g l o n .  

According t o  t h e  h y p o t h e s i s ,  

( s l i d e :  i n t  i n s e r t i o n s )  This  diagram summarlzes t h e  c o n c l u s i o n s  

drawn from many experiments .  About t h r e e - f o u r t h s  of mammary 



carcinomas i n  C3H mice have MMTV p r o v i r u s e s  i n s e r t e d  w i t h i n  a 20-30 kb 

domain, rough ly  e q u a l l y  d i s t r i b u t e d  on bo th  s ides  of a gene  t h a t  we 

now ca l l  i n t - 1 .  Though s i l e n t  i n  normal mammary t i s s u e ,  t h e  gene is  

expres sed  when an MMTV p r o v i r u s  is nearby.  You w i l l  n o t i c e  t h a t  t h e  

P r o v i r u s e s  are n o t  pos i t i oned  t o  allow t h e  LTR t o  ac t  as a promoter 

for  i n t - 1 ;  v i r t u a l l y  a l l  the  p r o v i r u s e s  are e i the r  upstream from i n t - 1  

i n  t h e  o p p o s i t e  t r a n s c r i p t i o n a l  o r i e n t a t i o n  o r  downstream i n  t h e  same 

o r i e n t a t i o n .  We do no t  y e t  know why t h i s  is  so,  but  t h e  r e s u l t  

i m p l i e s  t h a t  a n  MMTV enhancer  f u n c t i o n  is  fundamental  t o  its oncogenic  

p o t e n t i a l .  

What do w e  know abou t  t he  i n t - 1  gene? F i r s t ,  i t  a p p e a r s ,  as hoped, 

t o  be a n  e n t i r e l y  novel  proto-oncogene, u n r e l a t e d  t o  any o f  t h e  known 

P r o g e n i t o r s  of  r e t r o v i r a l  oncogenes. The o n l y  gene t o  which it bears 

r e a s o n a b l e  comparison is ano the r  gene ,  called i n t - 2 ,  t h a t  a group i n  

England found t o  be a c t i v a t e d  i n  about  h a l f  of a n o t h e r  c o l l e c t i o n  of  

MMTV-induced mammary tumors . ]  ( s l i d e :  i n t  gene )  S t r u c t u r a l  examinat ion  

of t h e  gene--- by Roel back i n  Amsterdam--- and of c D N A  c l o n e s  copied  

here from i n t - 1  mRNA shows t h a t  t h e  gene is composed of a t  least  f o u r  

exons and encodes  a p r o t e i n  of  moderate  s i z e ,  w i t h  a v e r y  hydrophobic  

amSno t e rminus  and a c y s t e i n e - r i c h  carboxyterminus .  The biochemical 

f u n c t i o n  of t h e  p r o t e i n  is p r e s e n t l y  o b s c u r e ,  bu t  we are i n c l i n e d  t o  

b e l i e v e  i t  is  impor t an t  t o  normal an ima l s ,  s i n c e ,  l i k e  other  p ro to -  

oncogenes,  i t  i s  h i g h l y  conserved i n  e v o l u t i o n :  Roel has found t h a t  

t h e  p roduc t  o f  t h e  human i n t - 1  gene d i f f e r s  i n  o n l y  f o u r  o f  f o u r  

hundred amino acids  from t h e  mouse i n t - I  p r o t e i n .  Thus f a r ,  there is  

no e v i d e n c e  t h a t  i n t - 1  h a s  a r o l e  i n  human breast  cance r .  ( l i g h t s  on> 



T h j s  is as  far  as  I can  t a k e  you on t h e  c i r c u i t o u s  p a t h  t h a t  began 

w i t h  a search for a sho r t  n u c l e o t i d e  sequence l o s t  d u r i n g  r e v e r s e  

t r a n s c r i p t i o n  and h a s  led  t o  a search f o r  t h e  f u n c t l o n  of  a mammary 

oncogene. Is there a message i n  a l l  t h i s  a b o u t  how t o  foretel l  

je l ly-making  from t ree-shaking?  I doubt  it. Good l u c k  t o  Reverend 

Jackson .  

I would l i k e  to  conclude w i t h  a few words a b o u t  t h e  p l e a s u r e s  of  

s c i e n t i f i c  l i fe .  The first f a c u l t y  research l e c t u r e  I remember 

a t t e n d i n g  was g i v e n  by Gordon Tomkins. He began by c l a i m i n g  t h a t  

s c i e n c e  is fundamenta l ly  measurement, and t h a t  t h e  first s c i e n t i s t  was 

the caveman who wondered how l o n g  it took f o r  a rock t o  fal.1 from h i s  

hand t o  t h e  ground. I was and am enamoured of t h i s  idea,  b u t  I am 

also s t r u c k  by o u r  need t o  i n t e r p r e t  and r e p r e s e n t  t h e  t h j n g s  w e  have 

measured. I imagjne Gordon's f i r s t  s c i e n t i s t  f j n d i n g  comple te  

s a t i s f a c t i o n  o n l y  when he t r i ed  to  tell. a c o l l e a g u e  what t h e  speed of 

t h e  s t o n e ' s  f a l l  meant for  t h e  o r g a n i z a t i o n  of h i s  world.  

diagrams t h a t  have i l l u s t r a t e d  t h i s  l e c t u r e  have  s e r v e d  a similar 

purpose  for  me, reducing  a n  awful l o t  of numbers and r a d i o g r a p h i c  

s i g n a l s  t o  convenient  metaphors  f o r  t h e  wor ld  of v i r u s e s  and c a n c e r s  

we seek t o  unders tand .  

The 

When Tom Sawyer l e a r n e d  how t o  persuade  h i s  f r i e n d s  t o  p a i n t  h i s  

f e n c e ,  he "comprehended t h a t  Work c o n s i s t s  of  whatever  a body is 

obl iged  t o  d o ,  and t h a t  P l a y  c o n s i s t s  of whatever  a body is  n o t  

obl iged t o  do.1f One o f  t h e  great p l e a s u r e s  i n  o u r  l i v e s  a s  academi-c 

s c i e n t i s t s  is  t h e  p r i v i l e d g e  t o  engage Sn ex tended  p l a y .  I hope it is 

n o t  too o b v i o u s l y  s e l f - s e r v i n g  t o  s a y  t h a t  i t  is  the  mark of an 

e n l i g h t e n e d  society---and un jve r s i ty - - - to  r e c o g n i z e  and s u b s i d i z e  such  

p l a y ,  be  i t  jel ly-makjng o r  t ree-shaking .  



A word a b o u t  my playmates. ( f i n a l  f r u i t e d  t ree)  S c j e n c e  h a s  l o n g  

ceased t o  be  a so l i ta ry  endeavor.  Among t h e  best t h i n g s  r e t r o v i r u s e s  

have done for  m e  h a s  been t o  fos te r  col legial  r e l a t i o n s  w i t h  an 

amazingly large and admirable group of p e o p l e ,  i n c l u d i n g  f a c u l t y ,  

research s t a f f ,  and t r a i n e e s  o f  v a r i o u s  sorts. The a r t i s t  fa i led  t o  

p rov ide  enough f r u i t  fo r  everyone; what is shown is a par t ia l  

a c c o u n t i n g  of those p a s t  and those p e r s i s t a n t .  The one  name t h a t  must 

be  spoken is t h a t  of Suzanne Or t iz ;  w i t h o u t  h e r  h e l p ,  I would n o t  have 

a s t o r y  t o  t e l l .  

F i n a l l y ,  ( s 1 i d e : f i n a l  t ree)  a word of t h a n k s  t o  t h e  committee t h a t  

i n v i t e d  me to  g i v e  t h i s  t a l k  and t o  those  of you who came t o  l i s t e n .  

Some months ago, my wife t o l d  me t h a t  Bessie Smi th  used t o  s i n g  "If 

you d o n ' t  want my peaches, d o n ' t  shake  my tree." I am honored t h a t  

you chose t o  shake mine. 


